With an estimated 38 million current patients, heart failure (HF) is a leading cause of morbidity and mortality worldwide. Although the aetiology differs, HF is largely a disease of cardiomyocyte (CM) death or dysfunction. Due to the famously limited amount of regenerative capacity of the myocardium, the only viable option for advanced HF patients is cardiac transplantation; however, donor's hearts are in very short supply. Thus, novel regenerative strategies are urgently needed to reconstitute the injured hearts. Emerging data from our lab and others have elucidated that CM-specific deletion of glycogen synthase kinase (GSK)-3 family of kinases induces CM proliferation, and the degree of proliferation is amplified in the setting of cardiac stress. If this proliferation is sufficiently robust, one could induce meaningful regeneration without the need for delivering exogenous cells to the injured myocardium (i.e. cardiac regeneration in situ). Herein, we will discuss the emerging role of the GSK-3s in CM proliferation and differentiation, including their potential implications in cardiac regeneration. The underlying molecular interactions and cross-talk among signalling pathways will be discussed. We will also review the specificity and limitations of the available small molecule inhibitors targeting GSK-3 and their potential applications to stimulate the endogenous cardiac regenerative responses to repair the injured heart.
Introduction
Heart failure (HF) is a chronic, progressive condition in which heart is unable to pump enough blood to fulfil the body's need. With an alarming statistics of 38 million patients currently suffering from HF, it is a major and growing public health problem worldwide. More than 700 000 new patients are diagnosed with HF in the USA annually; about half of these patients dying within 5 years of diagnosis. 1 Furthermore, HF restricts physical activity and negatively influences the quality of life. The annual financial burden of HF management is over $30.7 billion in the USA alone and is projected to increase to almost $70 billion by 2030. 2, 3 Despite significant improvement in the current therapies, patients with advanced HF have very few options other than cardiac transplantation. This is primarily due to extremely limited regenerative potential of the adult mammalian hearts. Due to this poor regenerative capacity, the injured heart has no alternate to adapt and compensate (adverse ventricular remodelling) to maintain the pump function for the time being. Unfortunately, adverse remodelling leads to a significantly scarred hearts, which are destined to fail over the time. Thus, novel approaches to regenerate the damaged heart are urgently needed. Therefore, it is not surprising that cardiac regeneration is at the centre of the myocardial research from the past several decades. Although there are plenty of discrepancies, disagreement, and even controversies, the leaders of cardiac regeneration field have recently published a consensus statement to endorse a general agreement. 4 They agreed that cardiomyocyte (CM) in rodent hearts continue to proliferate in the early postnatal period. A cardiac injury during this early phase of life is fully replaced by newly generated CMs validating the robust cardiac regeneration capacity. Due to the loss of this CM proliferation capacity, a cardiac injury after this early phase of life leads to a scarred heart with compromised function. Thus, there is a consensus that the renewal rate of CMs in the adult mammalian heart is very low (0.5-2% per year).
The exact molecular mechanism of this shift from proliferating CMs to terminally differentiated one is not clearly known and currently a matter of a great scientific interest, as elucidating these mechanisms could provide novel strategies to unlock this terminally differentiated status to resume the proliferative potential. However, achieving this goal is still far from reality. The fact that a myocardial injury leads to increased CM proliferation provides some hope that stimulation of latent endogenous CM proliferation is conceivable. Indeed, studies with genetic lineage tracing tools suggest that the newly generated CMs in a healthy or injured heart primarily comes from the division of pre-existing CMs. 5, 6 In contrast to the minimal regenerative capacity of the mammalian hearts, some of the Teleost's like zebrafish have shown tremendous cardiac regenerative capacity. 7 In fact, adult zebrafish are able to fully regenerate the heart within 2 months of 20% ventricular resection. Consistent with the mammalian hearts, this efficient regeneration in zebrafish is primarily facilitated through the robust proliferation of pre-existing CMs localized at injury area. 7 With this remarkable regenerative capacity, the zebrafish heart efficiently overcomes the injury-induced scarring, allowing robust cardiac regeneration. Given this robust regenerative capacity and the availability of tools for genetic manipulation, at present, zebrafish is one of the best models to dissect the molecular mechanism of CM proliferation and cardiac regeneration. 8 As discussed above, adult mammalian hearts possess none to minimal regenerative potential. However, analysis of human postmortem histological specimens has shown significant cardiac regenerative potential in early human life. 9, 10 Though, the precise time window of the human heart regenerative potential and its loss with the age is not clear. The premise of a regenerative window in the neonatal mammalian heart is strongly supported by experimental studies with neonatal rodent's hearts with multiple cardiac injury models. [11] [12] [13] Taken together, the available evidence supports the notion that irrespective of the model organism or injury type, proliferation of pre-existing CMs is the primary mechanism to facilitate the cardiac regeneration. 5, 6 Although multiple strategies have been proposed to achieve the cardiac regeneration, as discussed above, approaches to induce the proliferation of pre-existing CMs is the most promising avenue. Emerging data from our lab and others have shown that CM-specific deletion of glycogen synthase kinase (GSK)-3 family of kinases induces CM proliferation in the injured heart. [14] [15] [16] This level of robust CM proliferation could be exploited to achieve meaningful cardiac regeneration without the need for exogenous cell delivery to the injured myocardium. In this review, we will focus on the endogenous mechanisms for CM proliferation and cardiac regeneration. The implicated signalling pathways will be discussed with special emphasis on the role of the GSK-3 pathway in CM proliferation and differentiation.
Approaches to cardiac regeneration
Extensive research in the past several decades have suggested multiple approaches to achieve the cardiac regeneration, these include (i) strategies to enhance the proliferation of pre-existing CMs, (ii) activation and/ or transplantation of progenitor populations, (iii) in vivo direct cardiac Figure 1 Current strategies for cardiac regeneration. In vitro production and expansion of patient-derived iPSC-derived CMs (iPSC-CMs) for delivery into the injured heart either by direct implantation (1) or by implanting cardiac patch (2) . Direct cardiac programming (3) involves combinations of known factors, small molecules or drugs that can be injected directly into the infarct in attempts to reprogramme resident cardiac fibroblasts in CM-like cells. Activation of endogenous mechanisms (4) of CM proliferation like NRG1-ErbB signalling, cell cycle regulators etc. can be harness to achieve cardiac regeneration. CMs, cardiomyocytes; iPSC, induced pluripotent stem cell; NRG1, neuregulin-1. reprogramming, and (iv) exogenous CM replacement ( Figure 1) . The advantages and the limitations of these regenerative strategies have been recently reviewed in detail, 12, 17 herein; we will focus our discussion on the strategies to stimulate the proliferation of endogenous CMs.
Signalling pathways critical to CM proliferation
Extensive research in past several decades in cardiac regeneration field is making to believe that the goal of cardiac regeneration is achievable. As discussed above, robust cardiac regeneration in neonatal mice heart and adult zebrafish heart is primarily mediated by the proliferation of pre-existing CMs. In addition to these findings with the rodents and fish model, there is evidence for low rate renewal of new CMs in adult humans. 18 Furthermore, recent studies also suggest that progenitors contribute minimally to none to the generation of new CMs in adult mammalian hearts. 5, 6 Thus, even though mammalian CMs are notably non-proliferative, at present, the proliferation of pre-existing CMs is the most accepted source for newly generated CMs in the injured myocardium. Therefore, strategies to stimulate the proliferation of pre-existing CMs are the most feasible approach to repair the injured heart. To achieve this, the research has focused towards identifying the growth factors and signalling pathways capable of augmenting endogenous cardiac regenerative potential. Several key pathways have been identified that regain the CMs proliferative capacity, these include (i) direct activation of cell cycle regulators, (ii) inhibition of HIPPO pathway, (iii) activations of Neuregulin (NRG)-1/ ErbB Signalling, and (iv) inhibition of GSK-3 signalling (Figure 2) . Herein, we will briefly introduce these pathways and move to the detail discussion on the role of GSK-3 family of kinases in CM proliferation and cardiac regeneration. Figure 2 Signalling pathways critical to CM proliferation. Pathways that promote CM proliferation can be used for improving heart regeneration.
Studies suggested that NRG1-ErbB signalling (1), AKT signalling (2), GSK-3 signalling (3) Hippo-YAP signalling (4), and direct cell cycle regulators (5) are essential pathways which can be modulated to achieve robust cardiac regeneration in vivo. Dvl, disheveled; PDK, 3-phosphoinositide-dependent protein kinase. 
Direct cell cycle regulators and CM proliferation
Initial strategies to reactivate CM proliferation were primarily focused on directly modulating the cell cycle machinery itself. [19] [20] [21] [22] Overexpression of the cyclin B1-CDC2 (cell division cycle 2 kinase) re-initiated the cell division in adult CMs, suggesting that strategies targeting the cyclin B1-CDC2 complex might re-initiate cell division in mature CMs and facilitate myocardial regeneration. 19 Similarly, therapeutic delivery of cyclin A2 induced myocardial regeneration and preserved cardiac function in ischaemic HF. 20, 21 Additionally, targeted expression of cyclin D2 in CMs induced DNA synthesis and infarct size regression in the transgenic mice. 23 Consistently, knockdown of cyclin-dependent kinase inhibitor induced CM re-entry in the cell cycle. 22 Taken together, the direct modulation of cell cycle regulators produced a relatively modest response to cell cycle entry. Importantly, the primary readout in most of these studies was the DNA synthesis and cell cycle entry, not the generation of new functional CMs.
HIPPO pathway and CM proliferation
The Hippo signalling pathway, also known as the Hippo/YAP pathway (mammalian nomenclature), is critical to control the organ size via regulating cell survival and death. The pathway was named based on the Hippo (Hpo), a key protein kinase component of the pathway. Most of the core components of the Hippo pathway were initially identified in Drosophila and the corresponding mammalian homolog genes were identified later, suggesting that this signalling cascade is evolutionarily conserved. 24 Hippo cascade is best known for its anti-growth characteristic, meaning its inhibition leads to massive tissue overgrowth. [24] [25] [26] In fact, the hpo gene was named after its mutant adult head phenotype resemblance with the head of the 'hippopotamus'. The Hippo signalling network is complex and comprises more than 30 components. In an overly naive view, the mammalian Ste20 A critical role of Hippo pathway in CM proliferation and cardiac regeneration is now demonstrated by numerous studies from multiple groups. [27] [28] [29] [30] [31] [32] [33] [34] Heallen et al. 27 were the first to discover that Hippo pathway inhibits Wnt signalling to restrain CM proliferation and heart size. Subsequently, Xin et al. 28 showed that hippo effector Yap is necessary and sufficient for embryonic cardiac growth in mice. Deletion of Yap in the embryonic mouse heart hampered CM proliferation leading to myocardial hypoplasia and lethality at embryonic stage 10.5. Conversely, transgenic expression of a constitutively active form of Yap in the embryonic heart increased CM number and heart size. 28 von Gise et al.
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employed both the gain and loss of function approaches to investigate the role of hippo effector Yap1 in postnatal CM proliferation and cardiac growth. In the gain of function approach, YAP1 activation was sufficient to induce CM proliferation, both in culture and in vivo. Conversely, a dominant negative peptide that blocked YAP1 binding to TEAD transcription factors inhibited YAP1 proliferative activity, suggested the requirement of YAP1-TEAD interaction for the proliferative effect. 29 34 Taken together, the Hippo pathway is a powerful suppressor of the CM proliferation and its inhibition induces robust CM proliferation. Thus, the strategies to inhibit the hippo signalling could be employed to repair the injured heart through cardiac regeneration.
NRG-1/ErbB signalling and CM proliferation
Multiple high profile studies have implicated the Neuregulin/ErbB signalling in CM proliferation and cardiac regeneration. [37] [38] [39] [40] [41] NRG family contains four structurally related proteins (NRG1 to 4) and belongs to epidermal growth factor (EGF) family. NRGs transmit their signals through transmembrane tyrosine kinase receptors of the ErbB family. The ErbB receptor family contains four structurally related members, ErbB1 (Her1, EGFR), ErbB2 (Her2, Neu), ErbB3 (Her3), and ErbB4 (Her4). The cardiac NRG1 receptors, ErbB2 and ErbB4 express highly throughout the embryonic development until early neonatal age, thereafter significantly down-regulated in postnatal and adult hearts. This specific expression pattern correlates nicely with the robust regenerative capacity of embryonic and neonatal heart vs. minimal regeneration potential of adult hearts. Germline deletion of NRG1, ErbB2, or ErbB4 genes leads to a phenotype of compromised CM generation, thinner myocardium and embryonic death at midgestation. Conversely, postnatal induction of a constitutively active ErbB2 exhibited a phenotype of pronounced cardiomegaly characterized by extensive CM hypertrophy, dedifferentiation, and proliferation. 41 Furthermore, expression of activated ErbB2 in adult animals induces CM proliferation and cardiac regeneration of the injured heart. Consistently, treatment of NRG1 improves cardiac function of failing hearts in preclinical animal models 37, [40] [41] [42] [43] and in HF patients. 40, [44] [45] [46] In an elegant study, Bersell et al. 37 demonstrated that the NRG1 can induce proliferation of mononucleated CMs and promote myocardial regeneration of the ischaemic heart. Taken together, augmentation of NRG1/ErbB signalling is a very promising avenue to induce the dormant CMs to dedifferentiate, proliferate and regenerate the damaged heart.
GSK-3 signalling
GSK-3 is a serine/threonine kinase, expressed ubiquitously and highly conserved throughout the evolution. This family of kinase was first discovered in 1980 as a regulatory kinase for its namesake, Glycogen synthase. In mammals, GSK-3 is encoded by two known genes, GSK3A (GSK-3a) and GSK3B (GSK-3b). Both GSK-3 isoforms share high homology in the kinase domains (98%). However due to significant variation in N-and C-terminals, the overall sequence homology of both isoforms is limited to 85%. Unlike to most other kinases, GSK-3s are constitutively active in the resting cells and various cellular stimuli lead to their phosphorylation and inhibition. 47 The phosphorylation-mediated inhibition of GSK-3s is primarily regulated by N-terminal Ser21 for GSK-3a and Ser9 for GSK-3b. Additionally, the activity of GSK-3 is positively regulated by tyrosine phosphorylation at Tyr 279 for GSK-3a and Tyr216 for GSK3b. However, the physiological relevance of these Tyr regulatory sites is not well characterized as the Ser21 and Ser9 phosphorylation of GSK3a and GSK-3b, respectively. 47 GSK-3 mediated phosphorylation of its downstream targets usually inhibits their activity. GSK-3 signalling has been implicated in a number of biological processes including proliferation, metabolism, apoptosis, migration, and autophagy ( Figure 3) . From a clinical standpoint, GSK-3 has been associated with numerous diseases. [48] [49] [50] [51] GSK-3 inhibitors are currently being tested for therapeutic use in Alzheimer's disease, Type 2 diabetes mellitus, some forms of cancer. In fact, Lithium, a modest inhibitor of GSK-3 is in the clinic from past many years to treat bipolar disorder. GSK-3 family of kinases are critical for cardiac and global metabolism. [52] [53] [54] [55] [56] [57] [58] In fact, GSK-3 was originally identified and named based on its ability to regulate the glycogen metabolism. 59 GSK-3 phosphorylates and inactivates glycogen synthase (GS), the rate-limiting enzyme of glycogen synthesis. Specifically, GSK-3 phosphorylates four GS regulatory serine residues (Ser641, Ser645, Ser649, and Ser653), critical to inhibiting GS activity and hence glycogen synthesis. 60 Thus, inhibition/deletion of GSK-3 results in activation of GS. 61 Importantly, glycogen serves as a primary energy source for the foetal heart and occupies more than 30% of the cell volume in foetal CM. 62 Glycogen synthesis in cardiac muscle is critical for normal heart development and its impairment leads to congenital heart defects and death. 63 However, in postnatal hearts, there is a metabolic shift from glucose and lactate oxidation to fatty acid oxidation as the energy source. This energy metabolic switch is paralleled by changes in the expression and activity of the enzymes involved in the respective metabolic pathways. 62 With that said, the comparative expression or activity of GSK-3 isoforms at various developmental stages is not well established and warrant further investigation. In addition to its critical role in regulating glycogen synthase, GSK-3 has been implicated in several other aspects of glucose homeostasis, including gluconeogenesis and phosphorylation of insulin receptor IRS. 60 Furthermore, it is now well established that GSK-3 is crucial for the Figure 3 GSK-3 signalling in heart. The salient features of cardiac GSK3 signalling are illustrated in this schematics. The binding of growth factors to their receptors (e.g. Insulin) leads to activation of PI3K/Akt pathway. AKT subsequently phosphorylates GSK-3 and inhibits its activities. GSK-3 plays a key regulatory role in the highly conserved canonical Wnt signalling pathway. GSK-3 mediated phosphorylation of b-catenin leads to its ubiquitination and degradation by the proteasome, preventing target gene expression. In the absence of GSK-3, stabilized b-catenin accumulates and translocates to the nucleus. GSK-3 negatively regulates plethora of signalling molecules, so the consequences of GSK-3 inhibition are activation of these factors, including: (i) TGF-b1-SMAD-3 signalling, (ii) Mitochondrial mPTP pore opening, (iii) NF-AT, hypertrophy regulator, (iv) glycogen synthase, glycogen synthesis regulator, (v) mTORC1, autophagy, and metabolism regulator, (vi) D-and E-type cyclins, cell cycle regulator, (vii) Myc, metabolism, and proliferation regulator. p38 inhibit GSK-3 through an alternative mechanism. GSK-3a regulates AMPK and mTOR, the master regulators of autophagy and metabolism. In the absence of GSK-3a, mTOR is dysregulated leading to impaired autophagy. GSK-3a also regulates the b-adrenergic receptor responsiveness and cAMP production via unknown mechanisms. In addition, GSK-3a directly interacts and phosphorylates cyclin E1 in CMs and its deletion promotes E2F-1 and cyclin E1 recruitment and CM proliferation.
regulation of many other aspects of cardiac biology, including the cardiac homeostasis. 15, 58, [64] [65] [66] [67] [68] Several studies with CM-specific GSK-3b KOs have established the concept that inhibition of GSK-3b during HF is protective. 15, 69 Furthermore, our findings with CMs-specific GSK-3a KO
suggest that inhibition of GSK-3a protects from myocardial infarction (MI)-induced adverse cardiac remodelling. 14 These findings with CMspecific GSK-3a KOs are in stark contrast with the studies of germ-line global deletion of GSK-3a, which suggest that loss of GSK-3a is detrimental, leads to spontaneous hypertrophy, 68 exacerbates MI-induced remodelling 67 and shows accelerated aging. 70 Studies with GSK-3a-S21A and GSK-3b S9A knock-in mouse model have revealed distinct roles of GSK-3 isoforms in pressure overload-induced pathological cardiac hypertrophy. 16 We have recently demonstrated that CMs GSK-3 is required to maintain normal cardiac homeostasis, and its loss is incompatible with life because of cell cycle dysregulation that ultimately results in a severe dilated cardiomyopathy and death. 65 Thus, the role of GSK3s in myocardial biology has been extensively studied and we have recently reviewed the literature regarding GSK-3 and myocardial biology in general, 50 herein, in the following sections, we will focus on the isoform-specific role of GSK-3a and GSK-3b in CM proliferation and cardiac regeneration.
GSK-3 mediated regulation of CMs proliferation; lesson learned from GSK-3-specific pharmacological agents
Numerous studies have suggested the crucial role of GSK-3 signalling in CM proliferation ( Table 1) . Tseng et al. 71 were the first to demonstrate that pharmacological inhibition of GSK-3 signalling by small molecule 6-bromoindirubin-3 0 -oxime (BIO) promotes proliferation in mammalian CMs. In the isolated neonatal CM model, BIO-mediated inhibition of GSK-3 induced up-regulation of cell cycle regulators and cell division. In addition to multiple markers of cell cycle entry, authors utilized Aurora B staining to successfully demonstrate the completion of cytokinesis. 72 Consistently, BIO treatment induced dedifferentiation, cell cycle progression and increased mitosis in adult rat CMs. Although mechanistic detail was not investigated, authors proposed that BIO-induced activation of canonical Wnt pathway is primarily responsible for the proliferative signal. The ability of pharmacological inhibition of GSK-3 to induce CM proliferation was also recognized in chemical library screen designed to identify the compounds with abilities to promote CM proliferation. 72 In this unbiased chemical library screening, GSK-3 inhibitors were ranked highest for their potential to induce CM proliferation. Recently, Wang et al. 73 extended these findings to human CMs by showing that GSK-3b inhibitor CHIR-99021 promotes human CM proliferation through canonical Wnt signalling. As a significant step forward, Fang et al. 74 employed a novel hybrid hydrogel system for sustained co-delivery of BIO and insulin growth factor 1 (IGF-1) to repair the infarcted rat hearts. To achieve this, both BIO and IGF-1 were first encapsulated in gelatin nanoparticles and thereafter cross-linked with the oxidized alginate to form a novel hybrid hydrogel system. The sustained delivery of BIO and IGF-1 enhanced the proliferation of CMs, promoted revascularization at the injury site and improved cardiac function. These experiments were the first to demonstrate the usefulness of pharmacological GSK-3 inhibition to achieve endogenous CM proliferation and cardiac regeneration. Subsequently, it was demonstrated that GSK-3 inhibitor BIO treatment favours the reprogramming of skin fibroblasts to generate cardiospheres for myocardial regeneration. 75 A recent study 76 suggests that the cardiac benefit of GSK-3 inhibitor BIO is not limited to its direct effects on CM proliferation, instead, BIO modulates cardiac recovery via unique modulation of the cardiac microenvironment, these includes effects on other cardiac cells, namely fibroblasts and macrophages. Specifically, BIO induced CMs proliferation, inhibited fibroblast proliferation, and suppressed the expression of pro-inflammatory gene in macrophages. Furthermore, BIO modulated the cellular crosstalk between cardiac fibroblasts and differentiating macrophages to induce polarization of the anti-inflammatory M2 phenotype. In the zebrafish HF model, BIOinduced efficient CM proliferation and completely recovered survival rate. 76 In summary, it is reasonable to conclude that pharmacological inhibition of GSK-3 is sufficient to induce CM cell cycle re-entry, DNA synthesis, and likely proliferation. However, all GSK-3 targeted drugs to date are non-isoform specific. This is a major concern since long-term, non-isoform specific inhibition of GSK-3a/b could be detrimental. 65 
GSK-3a negatively regulates CMs proliferation
Traditionally, GSK-3b has been considered the dominant isoform of the GSK-3 family, though this bias goes back many years to studies with Drosophila in which mammalian GSK-3b was comparatively better rescued the frizzled phenotype in GSK-3 mutants (Zw3/shaggy). 80, 81 Even after many years of these early reports, the bias towards GSK-3b isoforms is very apparent by the fact that many more studies are consistently coming with a primary focus on GSK-3b than on GSK-3a. In contrast to this traditional belief, now numerous studies have shown that both GSK-3 isoforms are critical but entirely redundant in regulating the canonical Wnt pathway. 82, 83 Furthermore, it is also now clear that GSK-3s are not entirely redundant in all function. 50, 68, 77 The best example of their isoform-specific function can be explained by the fact that while germline GSK-3a knockout mice survive several years, the GSK3b knockout is embryonic lethal. 67, 68, 77 Although GSK-3a germline knockout survives, they develop spontaneous cardiac hypertrophy at two months of age and displayed an aging phenotype later. 68, 70 In stark contrast to findings with GSK-3a global knockout, studies with more specific approaches, like site-specific GSK-3a knock-in mice and inducible CM-specific knock-out mice have supported the concept that inhibition of GSK-3a in heart induces CM proliferation and protects from myocardial injuries.
14, 16 Matsuda et al. 16 created GSK-3a S21A
knock-in (aKI) mice to investigate the role of GSK-3a in CM proliferation and pressure overload induced pathological hypertrophy. Constitutive activation of GSK-3a (S21 knock-in) suppressed the stressinduced CM proliferation and worsens cardiac function. Importantly, in comparison to their littermate controls, GSK-3a knock-in hearts had significantly less number of CMs. Thus, this elegant study established that persistent activation of GSK-3a attenuates stress-induced CM proliferation and proposed the hypothesis that strategies to specifically inhibit GSK-3a in injured heart should promote CM proliferation and regeneration. To test this hypothesis, we employed inducible CM-specific GSK3a KO mice in an ischaemic injury model. 14 Indeed, CM-specific conditional GSK-3a deletion induced significant CM proliferation to achieve a marked protection from post-MI adverse remodelling and cardiac dysfunction. 14 Furthermore, the ischaemic area in the GSK-3a KO hearts contained significantly higher numbers of viable CMs than littermate controls. The CM proliferation in the GSK-3a KO hearts was also evident by In summary, both, the gain of function (GSK-3a KI) and loss of function approaches (CM-GSK-3a KO) consistently support the idea that GSK3a could be targeted to achieve robust CM proliferation and cardiac regeneration. At the molecular level, GSK-3a controls CM proliferation by directly regulating the cell cycle machinery. 14, 16 Persistent activation of GSK-3a negatively regulates the E2F-mediated transcription in CMs. 16 In a luciferase assay with isolated CMs, GSK-3a (S21A) co-transfection inhibited the E2F-Luc activity. Further mechanistic studies reveal that GSK-3a inhibits E2F through suppression of D-type cyclins. 16 Specifically, TAC-induced activation of cyclin D1 and D2 was markedly attenuated in GSK-3a-KI hearts. 16 A rescue experiment with Cyclin D1 strongly supported the critical role of cyclins in GSK-3a mediated CM proliferation, as overexpression of cyclin D1 largely rescued the detrimental cardiac phenotype of GSK-3a-KI heart. 16 Consistently, the studies with CM-GSK-3a KO hearts also support the central role of GSK-3a in directly regulating the cell cycle machinery to induce CM proliferation.
14 The protein levels of transcription factor E2F1, cyclin E1, and cyclin E1-positive CMs, all were significantly increased in the ischaemic CM-GSK-3a KO hearts. The co-immunoprecipitation studies confirmed a direct interaction of E2F1 and cyclin E1 with GSK-3a. In summary, GSK-3a is a potent negative regulator of CMs cell cycle machinery and approaches to inhibit GSK-3a in diseased heart could potentially be used to promote CM proliferation and cardiac regeneration.
GSK-3b is critical to CMs proliferation and differentiation
The early studies investigating the role of GSK-3b in CM differentiation were done using WT and GSK-3b KO ES cell lines. In these studies, ES cells were induced to create CM embryoid bodies (EBs). 77 The number of spontaneously contracting EBs was significantly less in the GSK-3b KOs compared with WT controls suggesting that GSK-3b is necessary for CM differentiation. Importantly, the effect of GSK-3a deletion on CM differentiation was comparatively minor. 77 These findings are consistent with the fact that GSK-3a null mice develop normally, however, GSK-3b nulls are embryonic lethal. 77 The ventricle walls of the GSK-3b KO embryos were strikingly thickened, and the ventricular cavities were packed with cells, with little or no apparent ventricular cavity left, resulting in HF and death. 77 Further analysis of the GSK-3b KO embryos reveals that hyperproliferation of CMs accounts for the hyper grown cells in the ventricular cavities and thickened myocardium at late gestation. Thus, the inability of GSK-3b KO cardiomyoblasts to fully differentiate appears to allow continued proliferation, leading to a hypertrophic myopathy. At the molecular level, dysregulation of GATA4, cyclin D1, and c-Myc mediated the hyperproliferation phenotype of GSK-3b deficient CMs. As expected, double knockout (DKO) of GSK-3a/b EBs also failed to produce any contracting CMs. Consistently, conditional deletion of both isoform of GSK-3 (DKO) in adult hearts leads to a lethal phenotype associated with mitotic catastrophe. 65 In stark contrast, isoform-specific deletion of GSK-3a or GSK-3b in the adult heart does not lead to any baseline phenotype and displayed striking protection against ischaemic injury. 14, 15 Conditional deletion of GSK-3b from fully mature adult heart induced CM proliferation to protect against infarction induced adverse remodelling. 15 This line of evidence suggested that inhibition of GSK-3b
in fully mature hearts could be a strategy to promote cardiac regeneration and prevent adverse remodelling in pathological states. Further studies are needed to fully delineate the specific role of GSK-3b in CM proliferation, differentiation and formulate the strategies to achieve the clinical benefit of modulating GSK-3b in the injured hearts.
11. A signalling network of NRG-1/ ErbB, HIPPO and GSK-3 pathways to regulate CM proliferation
As discussed above, GSK-3 can regulate CM proliferation through a direct effect on cell cycle machinery and associated transcription factors. In this section, we will be focusing on the role of GSK-3 signalling circuits and crosstalk's with other implicated pathways to coordinate the cardiac regeneration. It is not surprising that most of the pathways implicated in endogenous CM proliferation operate via multiple crosstalks at several levels to synchronize the cardiac regeneration process. 28, 41 It has been demonstrated in multiple systems that activations of NRG-1/ErbB signalling leads to AKT mediated phosphorylation of GSK-3 (inhibition), resulting in b-catenin accumulation. 84 ,85 D'Uva et al. 41 employed CM-specific, constitutively active ERBB2 caERBB2 expressing mice to directly investigate the crosstalk of ErbB and GSK-3b signalling in the heart. caERBB2 mice displayed an increased bcatenin accumulation in CMs and heart lysates. As discussed above, GSK-3 is an essential component of the b-catenin destruction complex and its inhibition or deletion leads to b-catenin accumulation. Thus, activation of CMs ErbB signalling in the heart leads to GSK-3 inhibition which may account for some of its CM proliferative potentials. GSK-3 also interacts with HIPPO pathway to coordinate the CM proliferation and cardiac regeneration. 28 Xin et al. employed CM-specific transgenic YapS112A mice (constitutively active) to directly investigate the HIPPO and GSK-3 crosstalk with respect to CM proliferation and cardiac regeneration. YapS112A-expressing CMs showed an increased GSK-3b S9 phosphorylation, the inactive form of GSK-3b. Thus, the Hippo pathway may facilitate some of its CM proliferation signal via inhibiting GSK-3b. Further analysis of YapS112A transgenic hearts reveals that Yap mediated inhibition of GSK-3b is primarily facilitated via the PI3K-AKT pathway. As discussed above, GSK-3 signalling is critical for b-catenin phosphorylation and subsequent ubiquitination. As expected, YapS112A-expressing CMs were associated with an increased abundance of the active nonphosphorylated form of b-catenin and total b-catenin. Increased b-catenin activity in expressing YapS112A CMs was also evident by increased TOPflash luciferase reporter, readout of b-catenin transcriptional activity. Pharmacological inhibition or knocked down of b-catenin in YapS112A expressing CMs reduced the number of proliferating cells. Thus, b-catenin is essential for Yap induced CM proliferation. In summary, GSK-3 facilitates its key role in CM proliferation by multiple mechanisms including direct regulation of cell cycle machinery and also via novel signalling networks/crosstalk involving ErbB/NRG-1 and Hippo signalling pathways.
Conclusion, limitations and future perspective
The concept of myocardial regeneration/proliferation by cell transplantation and tissue or genetic engineering promises a revolutionary approach for myocardial healing after heart damage. These strategies, however, still face significant challenges before they can develop into clinically relevant therapeutic tools. 41, [86] [87] [88] A recent study with a comparatively large number of nonhuman primates have shown lack of remuscularization following transplantation of human embryonic stem cell-derived cardiovascular progenitor cells into infarcted myocardium. 88 Further, studies have shown a proarrhythmic risk of embryonic stem cell-derived CM transplantation in infarcted myocardium. 89 Considering these adverse outcomes with exogenous cell transplantation, it is reasonable to conclude that augmenting the endogenous CM regeneration is probably the most natural and safe strategy to promotes cardiac repair. If this proliferation is sufficiently robust, one could induce meaningful regeneration without the need for transplantation. It is important to recognize that the master of all the 'nature', must have its reason to wire the adult mammalian CMs as a non-dividing cell. Given this fact, it is tempting to speculate that long-term chronic activation of CM proliferation may lead to adverse consequences. However, activating endogenous pathways to promote CM proliferation just for the right moment could be beneficial. As of now, optimizing this 'just the right moment' seems hard to achieve. The only way forward is to better understand the mechanisms responsible to regulate endogenous CM proliferation and cardiac regeneration. In this regard, a considerable amount of progress has been made over the past few years, as discussed above, key pathways essential to regulate endogenous CM proliferation have been identified. At this end, our lab focuses on the GSK-3 family mediated regulation of endogenous CM proliferation in the ischaemic hearts. However, it is clear that the regulation of endogenous CM proliferation is not linear and as discussed above involves multiple signalling crosstalks. A better understanding of these signalling circuits will be critical to precisely control the signalling strength and duration to achieve the 'just the right moment' for inducing the CM proliferation. One critical limitation of the GSK-3 studies in the context of CM proliferation is the reliance on readouts other than the creation of functional new CMs. These readouts includes, phospho-histone H3, Ki67 positivity. As pointed out in the recent consensus statement, 4 these readouts do not necessarily provide evidence for new functional CMs and may result into polyploidy or multinucleated cells. Further studies with reporter mice lines to clearly mark the newly generated CMs are needed to validate the creation of new CMs via GSK-3 inhibition. Furthermore, since all the available small molecule GSK-3 inhibitors are non-isoform selective, it is critical to define the isoform-specific function and develop the small molecules with isoform selectivity. With that said, a recent clinical trial with a GSK-3 inhibitor (Tideglusib), have validated the feasibility of targeting GSK-3 in human diseases (ClinicalTrials.gov Identifier: NCT00948259). The drug was well tolerated, except the transient increase in the serum transaminases. Importantly, the increase in the serum transaminases was fully reversible. Furthermore, a modest GSK-3 inhibitor, Lithium, has been used in the clinic for many years to treat bipolar disorder without any significant adverse consequences specific to the heart. Thus, there is sufficient evidence for the feasibility of therapeutic targeting of GSK-3, at least acutely. In summary, a better understanding of signalling network responsible to regulate endogenous CM proliferation may provide a promising new therapeutic avenue to rejuvenate the injured heart.
